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Mass spectrometry (MS) has made enormous contributions to comprehensive protein identification and
quantification in proteomics. MS is also gaining momentum for structural biology in a variety of ways,
complementing conventional structural biology techniques. Here, we will review how MS-based tech-
niques, such as hydrogen/deuterium exchange, covalent labeling, and chemical cross-linking, enable
the characterization of protein structure, dynamics, and interactions, especially from a perspective of
their data analyses. Structural information encoded by chemical probes in intact proteins is decoded
by interpreting MS data at a peptide level, i.e., revealing conformational and dynamic changes in local
regions of proteins. The structural MS data are not amenable to data analyses in traditional proteomics
workflow, requiring dedicated software for each type of data. We first provide basic principles of data
interpretation, including isotopic distribution and peptide sequencing. We then focus particularly on
computational methods for structural MS data analyses and discuss outstanding challenges in a
proteome-wide large scale analysis.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Protein function is regulated by changes in its three-
dimensional structure and enzymatic activity in response to pro-
tein modifications, ligand binding, or protein–protein interactions.
Elucidating the three-dimensional structures of proteins, therefore,
is an important step toward understanding their role in molecular
functional biology. For decades, the structural models of proteins
have been studied at atomic resolution using X-ray crystallography
[1], nuclear magnetic resonance (NMR) spectroscopy [2], and
(cryo-)electron microscopy (EM) [3]. However, these approaches
are not applicable to all proteins and protein complexes owing to
their limited amount, low solubility, large size, or unavailable crys-
tals. To bridge the gap and study dynamic protein complexes, there
are needs for complementary techniques taking advantages of 1)
analyzing proteins in native solution condition; 2) dealing with
limited sample amounts; 3) analyzing protein complexes or inter-
actions; and 4) providing information for active dynamic structural
changes of a protein under various biological conditions. In that
respect, mass spectrometry (MS) has become increasingly popular
in the field of structural biology [4]. Over the past few decades, MS
has made substantial contributions to proteomics, from the identi-
fication and quantification of individual proteins, to high through-
put analyses of whole proteome and the studies of protein
localization and post-translational modifications [5–7]. Recent
high-performance liquid chromatography (HPLC) and high MS
acquisition speed enabled the detection of tens of thousands of
peptides in an hour [8], the detection of over 10,000 proteins from
human cell lines [9], and the exploration of the human interactome
consisting of ~ 56,000 interactions [10]. MS approaches have also
been applied to various structural biology studies ranging from
epitope mapping and protein–ligand interactions to probing struc-
tures of membrane proteins [11–18]. MS coupled with chemistry
could infer global, local and site-specific structural information
with high sensitivity and accuracy even for low concentration
proteins.

The unique strength of MS is its ability to detect changes in each
individual amino acid level as well as in protein and peptide levels.
MS-based structural proteomics can be divided into two main
streams, 1) peptide-centric and 2) protein-centric, depending on
what analyte MS actually analyzes to obtain the structural infor-
mation [19–21]. In peptide-centric methods, more popular than
protein-centric methods, the concept is that 1) chemical reagents
introduce modifications into native proteins or protein complexes
in solution, 2) such modifications encode some structural informa-
tion about which local regions are exposed/buried and which resi-
dues are in close spatial proximity (mediating protein–protein
interactions) in native proteins or complexes, 3) MS-based pro-
teomics identifies and localizes the modifications at the peptide
level to infer the structural information. In a protein-centric
method, called native MS, MS directly analyzes intact biomolecules
that include all subunits and cofactors that make up the functional
complex. It is possible only when the process of native MS can
maintain weak noncovalent interactions between protein subunits
and associated biomolecules such as DNA, cofactors, and ligands.
The mass and charge state distribution detected by native MS
allows for the determination of protein complex stoichiometry,
cofactor content, and conformation. Native MS has also been cou-
pled with other hybrid techniques such as ion mobility spectrom-
etry, hydrogen/deuterium exchange, and top-down proteomics.
Ion mobility spectrometry enables an additional separation by
the overall shape of protein complexes [22], hydrogen/deuterium
exchange reveals the conformational dynamics of intact proteins
[23], and top-down proteomics, sequencing intact proteins, pro-
vides an additional level of information about specific proteoforms
arising from sequence variations and post-translational modifica-
tions [24]. Although MS-based methods provide opportunities to
probe the protein structure, dynamics, and interactions in native
environments, the individual pieces of data from different methods
typically do not provide sufficient information to derive a struc-
tural model of a protein or complex by itself. The structural fea-
tures and constraints monitored by MS-based methods can be
used complementary to conventional techniques such as X-ray
crystallography, EM, and NMR spectroscopy. The improved accu-
racy and completeness of a model will be achieved by simultane-
ous use of all such information from multiple sources of data
[25–27].

This review will focus on computational methods and discuss
challenges in three MS-based peptide-centric methods, 1) hydro-
gen/deuterium exchange - exchanging peptide amide hydrogen
atoms with deuterium atoms in solution, 2) covalent labeling -
introducing irreversible modifications to amino acid residues,
and 3) chemical cross-linking - covalently linking two spatially
proximal amino acid residues. The three approaches generate dif-
ferent type of MS data, each requiring dedicated software to
decode the structural information. The MS-based identification of
disulfide bonds involved in protein tertiary structures will be also
discussed under chemical cross-linking category owing to their
similarity.
2. Basics of mass spectrometry

MS has become a powerful tool for analyzing complex protein
mixtures [28]. Protein mixtures are digested by residue-specific
enzymes, and the digested peptides are separated by liquid chro-
matography (LC), thereby reducing the complexity of the peptide
mixture prior to MS. The separated peptides are then subjected
to electrospray ionization (ESI) and introduced into a mass spec-
trometer (Fig. 1a). The instrument generates a mass spectrum
(MS1), in which a peptide ion is detected and recorded as a peak
with the intensity at its mass-to-charge ratio (m/z) value measured
by a mass analyzer. The measurement accuracy is achieved at a
level of a few parts per million (ppm) using high-resolution mass
analyzers such as Orbitrap and Fourier transform ion cyclotron res-
onance (FTICR).

Tandem mass spectrometry (MS/MS or MS2) is used to obtain
peptide sequence information (Fig. 1b). The isolated peptide, a pre-
cursor ion, is split into fragment ions by low-energy collision-
induced dissociation (CID) and their peak (a pair of m/z and inten-
sity) information is recorded in MS/MS spectra. Series of these frag-
ment ions detected at MS/MS readily reveal the amino acid
sequence of the precursor ion. To interpret an experimentally
obtained MS/MS spectrum as a peptide, the most popular approach
is to compare the experimental MS/MS spectrum with theoretical
MS/MS spectra, generated from candidate peptides stored in a pro-
tein sequence database, using database search software [29–31]
(Fig. 1c). The software retrieves from the database, candidate pep-
tides whose masses are within a specified mass tolerance of a pre-
cursor ion mass. The validity of peptide-spectrum matches can be
assessed by target-decoy strategy [32]. For a comprehensive
review of the peptide and protein identification, see refs [33,34].
3. Hydrogen/deuterium exchange

Surface labeling is based on the concept that solvent-exposed
regions in proteins will react quickly with labeling reagents and
therefore will be labeled/modified, while buried regions will be
labeled/modified slowly or not at all [35]. Protein conformational
changes or protein–ligand binding can affect the degree of solvent
exposure for certain protein regions, and the changes in labeled/-
modified degree by labeling reagents indicate which regions are



Fig. 1. Conventional MS-based proteomics experiments for peptide and protein identification. a) Overview of MS-based proteomics. A protein mixture from a biological
source is digested into peptides (usually by trypsin). The peptides are separated by one or more steps of high-performance liquid chromatography (HPLC) column and are
ionized by electrospray ionization (ESI) at the end of the column. The resulting peptides enter the mass spectrometer and the peptides eluting at the time point are recorded
in a mass spectrum (MS1). The peptides can also be ionized using matrix-assisted laser desorption/ionization (MALDI), where the peptides are ionized out of a dry, crystalline
matrix via laser pulses. b) Besides a mass list of peptides in MS1 spectra, some prioritized peptides (precursor ions) are fragmented by energetic collision with gas, and the
products are recorded in the tandem or MS/MS spectrum. (This figure is the conceptual illustration for a single protein. All peptides from a protein mixture shown in a) are
analyzed together in single MS run). c) Peptides are most commonly identified using a database search approach, where an experimental MS/MS spectrum is compared with
theoretical spectra predicted for peptides from a protein sequence database.
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undergoing a structural change or forming an interface with an
interacting partner. The best-known and most widely used strat-
egy for surface labeling is hydrogen–deuterium exchange (HDX)
that monitors the exchange of backbone amide hydrogens with
deuteriums [36–38]. The exchange rates are sensitive to changes
in hydrogen bonding, secondary structure, solvent accessibility
and dynamics. The general HDX-MS workflow is depicted in
Fig. 2a. The target protein(s) are incubated with D2O to exchange
accessible hydrogen atoms with deuterium atoms. The exchange
reaction is quenched at different time points to plot deuteration
rate as a function of exchange time (from seconds to days). The
deuterated proteins are subjected to proteolytic digestion followed
by LC-MS. MS measures mass increases of peptides by deuterium
incorporation. The amount of deuterium incorporation is usually
determined using only peptide masses without MS/MS fragmenta-
tion due to H/D scrambling under conventional collisional activa-
tion (intramolecular H/D rearrangement). Electron-mediated
fragmentation techniques such as electron capture and transfer
dissociation (ECD/ETD) can be employed to avoid such scrambling
and measure the exchange at the individual amino acid level [39].
In fact, the digestion and LC-MS workflow leads to back exchange
[36]. To minimize the back exchange effect, in most applications of
HDX, the deuterated proteins are digested using pepsin at low tem-
perature and low pH (with a minimum at ~ 2.5) and the peptide
mixtures are separated through chromatography columns cooled
to temperatures close to 0 �C. Back exchange may be corrected
on the basis of deuterium incorporation in a completely deuterated
sample [37]. Most HDX analyses, however, measure relative rather
than absolute deuterium incorporation and studies have shown
that back exchange correction does not affect relative
measurement.

HDX is a non-covalent labeling approach, while covalent label-
ing measures the solvent accessibility of side chains by introducing
modifications to side chains. Covalent labeling is discussed in
Section 4.

3.1. Fundamentals of data interpretation

HDX data analysis generates a list of peptides and quantifies the
deuterium incorporated to each peptide at each labeling time
point. The peptide list is usually compiled from database search-
driven identification of a separated MS/MS experiment for an unla-
beled sample. To increase the protein sequence coverage, addi-
tional peptides from in silico digestion (using protease specificity)
can be considered if they can be assigned to peaks in MS1 spectra.
It is assumed that the chromatographic properties of deuterated
peptides are identical to those of natural peptides and thus the iso-
topic distributions of deuterated peptides can be annotated using
the retention time of natural peptides. Since there are small differ-
ences in retention time between the two, the deuterated isotopic



BAB A A 

D 

BA
H 
H 

H 
H 
H 

D D 
D 

D 
D 

D D 
D D 

D 
D 

D D 
D 

D 

D D D 
D 

D 
D 

D D 

A
D 
D 

D 

D 
D 

D D 
D 

D 
D 

D D 
D D 

D 

a) Hydrogen/deuterium exchange b) Covalent labeling c) Chemical cross-linking 

1)

3)

4)

2)

H D H H 

D D H 

H H D D 

H H H 

1)

3)

4)

2)

H D H H 

D D H 

D D D D 

D D D 

1)

3)

4)

2)

1)

3)

4)

2) 3)

4)
2)

1)

Enzymatic digestion 

Incubation with D2O Labeling reaction Cross-linking reaction 

MS/MS spectra MS/MS spectra 

D D D D 

H H D D 

MS1 spectra 

Enzymatic digestion Enzymatic digestion 

LC-MS LC-MS/MS LC-MS/MS 

Determination of deuterium incorporation  Determination of modified sites Determination of cross-linked sites 

Deuterated peptides Modified peptides Cross-linked peptides 

vs. vs. 

vs. vs. 

D 

(loop-linked) 

Fig. 2. Schematic representation for revealing binding interfaces in protein–protein interaction. For the sake of simplicity, this example focuses on the analysis of protein A
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distributions are annotated within a small window around the
retention time of natural peptides.

The exchange of hydrogens in a peptide backbone with deuteri-
ums causes a mass increase of the peptide, which depends on the
number of incorporated deuterium atoms (approximately 1.006 Da
per D atom). Although such mass increases can be detected by MS,
they are not readily calculated since deuterated peptides are repre-
sented as complicated forms in MS1 spectra due to natural isotopes
and partial deuteration. Because of isotopes existing in nature such
as 13C, 15N, 18O, and 34S, a peptide is not represented as a single
peak in an MS1 spectrum, but represented by an isotopic cluster
of peaks spaced by 1.00235 Da (i.e., average isotope spacing) (see
natural isotope distribution of Fig. 3). Furthermore, deuterium
incorporation to a peptide is a gradual process and the resulting
partial deuteration can result in multiple species of deuterated
peptides with different deuteration levels. Thus the deuterated iso-
topic distribution is the union of isotopic distributions of differ-
ently deuterated peptides and spans a wider m/z range than the
corresponding natural isotopic distribution (compare natural and
deuterated isotope distributions of Fig. 3).

Deuterium incorporation into a peptide can be analyzed mainly
in two different ways, ’centroid’ or ’theoretical fitting’ methods
[40]. The centroid methods simply calculate the difference
between the weighted average mass of the deuterated isotopic dis-
tribution and its natural (non-deuterated) isotopic distribution.
Theoretical fitting methods determine the number of incorporated
deuterium by fitting theoretical deuterated isotopic distributions
with the observed isotopic distribution.

3.2. The determination of deuterium incorporation

Many software tools are available for automated data analysis
and have made HDX-MSmore widely used [41–56]. Theoretical fit-
ting methods are computationally more expensive, but are often
more accurate than centroid methods. As deuterium is gradually
incorporated, the number of incorporated deuterium is not deter-



Fig. 3. Three distributions in HDX-MS data analysis are shown. The observed, deuterated isotopic distribution, Ddeu is represented as the convolution of natural isotopic
distribution (Dnat) and deuterium incorporation distribution (Dlev), the parameter values of which we want to solve. The HDX process would produce various partially
deuterated peptides from a single peptide and thus the abundance of each deuterium number (#), x# values in this figure, should be determined. Many studies assumed that
the distribution of x# conforms to the binomial distribution. After all, Ddeu is a linear combination of mass-shifted natural isotope distributions, yielding a set of linear
equations of variable x#, for example, d2 ¼ n0x2 þ n1x1 þ n2x0. In the figure, the average deuterium incorporation can be determined as two.
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mined as a single value, but as a distribution of incorporated deu-
terium numbers. More specifically, theoretical fit method is to
solve linear equations, where the (partially) deuterated isotopic
distribution is defined as convolution of its natural isotopic distri-
bution and the deuterium incorporation distribution of the
peptide.

In many studies, the deuterium incorporation distribution of a
peptide was assumed a statistical model such as the binomial dis-
tribution [49–51]. The methods involve three relevant distribu-
tions as shown in Fig. 3: two observed isotopic distributions- 1)
natural isotopic distribution, ’Dnat’; 2) deuterated isotopic distri-
bution, ’Ddeu’, and one distribution of deuterium incorporation
to Ddeu, ’Dlev’. Dlev is expected to conform to the binomial distri-
bution B(n, d/n), where n is the number of exchangeable hydrogens
in a peptide and d, of interest in HDX-MS analysis, is the average
deuterium incorporation. The convolution of Dnat and Dlev results
in Ddeu, which spans a widerm/z range than Dnat since Dlev is not
a single value but a distribution. Given Dnat and Ddeu of a peptide,
the estimation of d is performed as follows: for every possible d,
theoretical Dlev(d) is generated and theoretical Ddeu(d) can also
be generated by convoluting Dlev(d) with Dnat (Let Dlev(#) and
Ddeu(#) be the distributions based on deuterium number #). The
convolution can be calculated using the fast Fourier transform
(FFT) [49]. Then d can be determined by fitting any theoretical
Ddeu(d) with the observed Ddeu.

The best match between the two distributions was estimated by
various error functions such as least-squares, chi-squares, and
asymmetric least squares. The core part in theoretical fitting meth-
ods is the implementation of error functions, which should be
robust against noise or interfering peaks in experimental MS data
since deuterated isotopic distributions frequently overlap with
other isotopic distributions due to their wide span. HX-Express2
[50] implemented asymmetric least squares regression so that an
error contribution gets greater for peaks of lower intensity than
the calculated distributions, thereby favoring the calculated distri-
bution to fit to uncontaminated peaks. Contrary to minimizing
errors, deMix [51] proposed a measure, referred as to ’Matched
Peak Count’, which counts matching peaks between the two distri-
butions, whose intensities are comparable within an intensity-
proportional tolerance. In particular, the measure was very robust
against high-intensity interfering peaks by minimizing their effect.

As an alternative, the observed deuterated isotopic distribution
could directly be deconvoluted using the natural isotopic distribu-
tion, where Ddeu is a linear combination of mass-shifted natural
isotope distributions (i.e., there is no assumption about Dlev in
Fig. 3). The best fit to all of the linear equations was achieved using
least-squares method (LSQ) [52] or maximum entropy method
(MEM) [53]. The LSQ-based method is simple but not desirable
when the number of exchangeable hydrogens is big or signal-to-
noise ratio is poor. The MEM-based method was more robust to
the noise than LSQ and could result in a smoothed deuteration dis-
tribution at the expense of longer computation time. Hexicon 2
[54] employed Gold’s iterative deconvolution algorithm that
assigns positive distribution coefficients using a gradient descent
and favors smooth solutions similar to maximum entropy regular-
ization. DEX [55] applied a Fourier deconvolution method and the
deconvolution step resulted in the noise reduction, because the
noise is averaged by Fourier transforms. These approaches are
interested in the deuterium incorporation distribution itself for a
peptide (allowing variations in extent of deuterium incorporation)



Fig. 4. MS/MS spectra of unmodified (top) and modified (bottom) forms of a
peptide PEPTDLEK are shown. In the modified spectrum, modification-related mass
shifts (f10, f12 and f13 relative to e5, e6 and e7, respectively) are detected, starting
with the modified site (i.e., the fifth residue D). Even with the same modification,
peptides modified at different sites generate different spectra, but very similar.
Theoretically, differently modified spectra can always be distinguished and thus
database search tools can work for modified peptides. Experimental spectra
typically contain lots of noise (shown as black peaks) that were not aligned in the
bottom spectrum and matching such noise peaks might lead to incorrect
assignments.
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as well as the average deuterium incorporation, while the binomial
fitting-based approaches relatively emphasize the average deu-
terium incorporation for a peptide.

3.3. Deconvolution of bimodal behavior

One of the difficulties in determining deuterium incorporation
is that often a deuterated isotopic distribution is observed as a
bimodal form, not unimodal, which arises from EX1 behavior or
heterogeneous conformational populations [57]. The kinetics for
HDX has two limiting regimes, referred to as EX2 and EX1
[38,58]. In EX1 condition, as a portion of the proteins unfold, the
deuterium incorporation takes place on a number of residues
simultaneously before returning to their ‘closed’ state. As a result,
there are two populations represented as a bimodal form: 1) a
lower mass population that has never undergone the slow unfold-
ing transition and 2) a higher mass population that has undergone
the transition at least once. With increasing D2O labeling time, the
higher mass population would gradually grow while the lower
mass population shrink. In EX2 condition (much more common
under native conditions), the rate constant of the closing reaction
is faster than the intrinsic rate of exchange and a progressive mass
shift in single deuterated distribution is observed with increasing
D2O labeling time. Most interestingly, the coexistence of two pro-
tein conformations may lead to simultaneous, progressive mass
shifts in two distributions with increasing D2O labeling time. Some
software tools such as ExMS [48], ExMS2 [56], HX-Express v2 [50],
deMix [51], and Hexicon 2 [54] have been proposed to analyze a
bimodal exchange pattern.

deMix [51] first performs an unimodal analysis via binomial fit-
ting for an observed deuterated distribution and decides whether
to perform bimodal analysis without any human intervention
based on the unimodal analysis results. In the bimodal analysis,
Dlev in Fig. 3 was assumed as a mixture of two binomial distribu-
tions. deMix used ’Matched Peak Count’ for distribution fitting (as
mentioned in the previous section), which not only was robust
over random noises in comparing two distributions but also had
strength in fast dissection of bimodal deuterated distributions by
efficaciously fitting non-overlapped area. ExMS2 [56] provides var-
ious fitting options in multimodal analysis, where the number (up
to 3) and shape (binomial, Gaussian, or reference) of component
distributions can be set.

4. Covalent labeling

Covalent labeling is a powerful tool for monitoring the solvent
accessibility of side chains in proteins or protein complexes by
introducing irreversible modifications to reactive side chains
[59–64]. This is conceptually similar to HDX-MS analysis except
that the labeling is restricted to one or a few amino acids. The most
common targets have been primary amines (Lys and N-termini),
carboxyl groups (Asp/Glu and C-termini), or thiols (Cys) [59]. The
general covalent labeling MS workflow is depicted in Fig. 2b. In
brief, subsequent labeling of proteins, the modified proteins are
subjected to proteolytic digestion followed by LC-MS/MS. Since
the modifications by covalent labeling reagents are highly stable
and irreversible during sample handling, the downstream analyses
to calculate the extent of modification are relatively flexible and
MS/MS is usually applied to determine modification types as well
as modified sites in peptides. On top of the restricted labeling to
a few amino acids, diethyl pyrocarbonate (DEPC) reagent can mod-
ify nucleophilic side chains (Cys, His, Lys, Thr, Tyr and Ser) and N-
termini via nucleophilic substitution reactions [60]. Oxidative
labeling with hydroxyl radicals introduces simultaneous modifica-
tions into many different amino acids and has been widely used in
many studies [61–64].
The strength of covalent labeling is that the samples can be ana-
lyzed using conventional proteomics workflows, including sample
handling techniques, LC-MS/MS, and data analysis. In HDX, opti-
mized sample handling techniques are needed to minimize back
exchange and scrambling due to reversible and labile nature of
deuterium incorporation. In chemical cross-linking in Section 5,
two or more peptides are connected and thus the data interpreta-
tion requires dedicated software.

4.1. Fundamentals of data interpretation

A list of unmodified and expectedly modified peptides from in
silico digestion of target proteins are assigned to peptide peaks
detected by MS (peptide mass fingerprinting). For confirmed pep-
tides by MS, the peptide modification extents are calculated based
on Extracted Ion Chromatograms (XIC) [65,66]. The fraction of
unmodified or modified peptide is derived from the ratio of XIC
areas under the unmodified/modified species to total XIC areas of
all the species (including unmodified and modified). Plotting the
extent of modification relative to labeling reaction time can tell
which protein regions are the most solvent-exposed. Peptide mass
fingerprinting relying on accurate mass is sometimes insufficient
to determine modified peptides. MS/MS peptide sequencing is nec-
essary in cases of labeling many amino acids or studying unspecific
proteins (i.e., a large search space). MS/MS enables the identifica-
tion of specific amino acids undergoing modifications; however
many modifiable amino acids give rise to a combinatorial issue
in identifying modified sites using MS/MS (we discuss this issue
in the next section).

4.2. MS/MS-based identification of modified residues

MS/MS allows site resolution for modifications, which can be
detected by modification-related diagnostic mass shifts of frag-
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ment ions in MS/MS spectra as shown in Fig. 4. MS/MS has been
the most powerful tool to identify numerous types of modifications
on peptides and a large number of software tools have been devel-
oped to search for modified peptides [67]. For residue-specific
labeling [59], standard database search tools [29–31] could detect
the modified sites by allowing the corresponding modification on
targeted residues during search. However, if the labeling reagent
can target several residues or unspecific residues [60], dedicated
software to modification searches might be needed. Oxidative
labeling studies with hydroxyl radicals have reported that in prac-
tice every amino acid with the exception of Gly could be modified
in oxidative labeling and various mass shifts such as + 16, +14,
and + 32 Da were also observed [68]. In general, modification
searches are performed by matching all possible modified forms
of each peptide from a protein sequence database with MS/MS
spectra. Given a list of possible modifications, the number of pos-
sible modified forms for a peptide of length n is expressed as
Qn

i¼1ðVi þ 1Þ, where Vi is the number of possible modifications at
i-th residue of the peptide. For a large scale analysis, the modifica-
tion search speed and sensitivity are overwhelmed by the huge
search space that follows from enumerating all possible modified
forms of peptides derived from a large database. What matters
more than the much longer search time, is the fact that more false
positives require a more stringent threshold to maintain an accept-
able error rate, resulting in the loss of true identifications [69].

A number of computational methods and strategies have been
developed to identify modified peptides while taking into account
more modification types [70–94]. Recent developments for modifi-
cation searches have mainly focused on open search, often referred
to as ’blind’ search, a strategy that searches MS/MS spectra for
modifications of arbitrary masses [67]. The open searches take into
account all peptides in a database as candidates of MS/MS spectra
and a modification mass is calculated as the mass difference
between an MS/MS precursor ion and a candidate peptide. MSFrag-
ger [91] could identify modified peptides in ultrafast fashion by
pre-indexing the masses of all possible peptides from a database
and even their fragment ions. However, most open searches usu-
ally allowed for only one unexpected modification per peptide
because their accuracy and performance tend to degrade rapidly
with increasing numbers of modified sites per peptide.

For oxidative labeling studies, the capacity to identify multiple
modifications on a peptide is absolutely necessary to find the most
solvent-exposed region since many amino acids in the region could
be simultaneously modified by several type of modifications. Byo-
nic [92] was applied to a study for probing in vivo structural dynam-
ics of membrane proteins [95]. Byonic improved the search speed
based on Lookup Peaks algorithm [93] that can fast extract candi-
date peptides from a database by utilizing likely b- and y-ion peaks
in a spectrum. To narrow down the search space for multiple mod-
ifications, some approaches [74–77] take advantage of sequence
tags which are partial sequences derived from fragment ions of a
peptide in an MS/MS spectrum, e.g., a sequence tag ’LE’ can be
derived using fragment ions f10-f12-f13 in the bottom spectrum of
Fig. 4. On one hand, the sequence tags enable fast extraction of can-
didate peptides from a database. At the same time, they can localize
modified regions within a peptide and thus make it possible to con-
sider modifications only against shorter regions instead of the
whole peptide’s extent. MODplus [94] further subdivides the
regions into even shorter ones by simultaneously using multiple
sequence tags. A dynamic programming algorithm, guided by the
sequence tags, rapidly localizes modified regions in possibly modi-
fied peptides and then unexplained delta masses of the modified
regions are interpreted with known modifications. In analyses of
human proteome MS/MS datasets, MODplus worked well with
the whole human database and ~ 1,000 modification types.
5. Chemical cross-linking

In cross-linking MS, cross-linking reagents covalently link two
spatially proximal amino acid residues in native proteins or protein
complexes, and MS/MS is applied to identify the linked amino acid
residues. The two linked residues provide a powerful means to
study the three-dimensional structure of proteins and protein
complexes [96–98]. The general cross-linking MS workflow is
depicted in Fig. 2c. In brief, proteins or protein assemblies under
denaturing conditions are first reacted with bifunctional cross-
linking reagents whose spacer-arm length confers a distance con-
straint on the two linked residues. The enzymatic digestion of
the cross-linked proteins produces cross-linked peptides, followed
by LC-MS/MS analysis. Subsequent informatics analysis of cross-
linked MS data identifies cross-linked peptides and their linkage
sites. Finally, distance constraints of the linkage sites are imposed
on structure modeling. Owing to the usefulness of cross-linking
MS, a large number of cross-linking reagents have been developed.
Their underlying chemistry and reaction mechanisms are beyond
the scope of this review. For more detailed discussion, see refs
[99,100].

5.1. Fundamentals of data interpretation

Algorithms to identify cross-linked peptides would follow a
strategy similar to conventional database searches for linear pep-
tides, comparing an experimental MS/MS spectrum with theoreti-
cal spectra of candidate peptides in a database. The key difference
is retrieving peptide-pairs as candidates, a computationally chal-
lenging aspect of interpreting MS/MS spectra of cross-linked pep-
tides. A candidate peptide-pair can be determined if the sum of
the masses of two peptides in a pair and the cross-linker spacer
arm is matched with the precursor mass of an MS/MS spectrum
within a mass tolerance. Assuming that a cross-linked peptide
involves only two peptides, the number of all possible peptide-
pairs as candidates is equal to the binomial coefficient n+1C2,
approximately n2 / 2, where n is the number of peptides from a
database. Since the search space grows quadratically as the num-
ber of peptides in a database increases, the database size is critical
to search performance. The theoretical MS/MS spectrum of a can-
didate peptide-pair (a-b) can be generated as a multiplexed spec-
trum including all fragment ions from modified peptides, aDb and
bDa, of the two peptides, where each peptide is modified by the
mass of the other peptide and the cross-linker on the reactive site
(Fig. 5a). Then, theoretical spectra of all candidate peptide-pairs
were compared with an experimental MS/MS spectrum and the
best-scoring peptide-pair is assigned as a cross-linked peptide.

The molecule types generated from cross-linking MS are mono-
linked (or dead end), loop-linked (a peptide contains a linker span-
ning two reactive sites), and cross-linked peptides [98]. Mono-
linked and loop-linked types involve only single peptide and they
can be identified as modified peptides by standard database
searches allowing the cross-linker as a variable modification.
Although mono-linked and loop-linked types also provide useful
information on protein structure, this review will focus on cross-
linked types in which identifying peptide-pairs gives rise to signif-
icant computational issues.

5.2. Computational methods for cross-linked peptides

In its early days, some efforts have been made to make use of
the existing database search tools designed for linear peptide iden-
tification to identify cross-linked peptides. It involves the genera-
tion of a chimeric database, XL-DB, containing linear
(concatenated together) sequences of all possible peptide pairs



Fig. 5. a) MS/MS spectrum of a cross-linked peptide (a-b) can conceptually be regarded as multiplexed by the two spectra generated from the two modified peptides, aDb and
bDa, where each peptide is modified by the mass of the other peptide (although actually two peptides in a cross-linked peptide are simultaneously fragmented). The real
spectrum, however, becomes more complex than a simply multiplexed form due to additional ions (* peaks) originating from double backbone cleavage. This characteristic
makes the interpretation very complicated due to ambiguous peak assignments. b) Pseudo code for retrieving candidate peptide-pairs matched with a query mass (i.e.,
precursor ion mass, PM in the figure). Basically, the computational complexity is nC2 or O(n2). Using the sorted peptide list by their masses, the complexity gets down to O(n),
where peptides that have been checked are never checked again, given a spectrum. For the schematic representation of the algorithm, let us assume a two-dimensional
coordinate plane consisting of a-axis and b-axis representing peptide masses (right bottom in the figure). The triangles on each axis represent all (linear) peptides from a
database at coordinates corresponding to their masses and then the light blue dots on the ab plane are all possible peptide-pairs (105 pairs for 14 peptides in the figure,
calculated as 14+1C2). Given a PM, candidate peptide-pairs are dots within the area satisfying an inequality PM-e � a + b + X � PM + e on the ab plane, where e is a mass
tolerance and X is a cross-linker mass, (e.g., blue dots in green and yellow diagonal bands). To find candidate peptide-pairs, the pseudo code algorithm moves exactly along
the red arrows and checks only eight dots (4 orange and 4 blue dots) while taking into account p12 ~ p7 as b and p1 ~ p6 as a, respectively (p13 and p14 were excluded from
pairing since they themselves were heavier than PM + e). Consequently, the entire peptide list is retrieved once. Due to the mass tolerance e, the real implementation was a
little different because one peptide could be paired with each of several peptides whose masses were almost the same (i.e., the mass difference was within e). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[101,102]. Then, the database search was performed against the
XL-DB while allowing the cross-linker as a variable modification.
The method works reasonably well, but the scoring schemes for
linear peptides were not optimal for cross-linked peptides. The
search never consider all possible fragment ion types from cross-
linked peptides (a-b) simultaneously, since the linearized
sequences, ab and ba, were separately written in XL-DB and thus
were matched to an experimental MS/MS spectrum one at a time
during the search, i.e., utilizing only half fragment ions to identify
cross-linked peptides. In a sense, the XL-DB approach eliminated
the demand for dedicated software for identification of cross-
linked peptides, but it faces the quadratic growth problem in the
database size, with suboptimal fragment ion matching.

With the developments of open searches (details in MS/MS-
based identification of modified residues in covalent labeling sec-
tion), there also have been efforts to apply open search algorithms
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to the identification of cross-linked peptides [103–107]. The ratio-
nale is that a cross-linked peptide may be considered as one pep-
tide with a large variable mass modification (1,000 ~ 4,000 Da)
corresponding to the mass of the other peptide, i.e., aDb is a mod-
ified form of peptide a with the modification mass of peptide b in
the example in Fig. 5a. This open search-based approach, first,
identifies a modified peptide aDm (m is an arbitrary mass) that best
matches an MS/MS spectrum and then, finds the second peptide b
corresponding to the mass m. If there were many second peptide
candidates within a specified mass tolerance, additional validation
is required. This approach, however, finds constituent peptides of a
cross-linked peptide separately, and thus cannot interpret an MS/
MS spectrum simultaneously with two constituent peptides, simi-
lar to XL-DB approach. Several software tools such as CXMS pipe-
line [103], Protein Prospector [104], Kojak [105], pLink [106], and
MetaMorpheus [107] have adopted the open search strategy. CXMS
pipeline that employs open search Popitam [108] reduced the
search space of open search by considering only MS/MS spectra
of high-charge state precursors unidentified from linear peptide
search. As a recent automated approach, Kojak [105] finds top
250 modified peptides in the first pass via open search allowing
modifications on linkable residues and then searches for cross-
linked peptides via pairing the 250 peptides, in which two peptide
masses plus the cross-linker mass is equal to the precursor ion
mass. pLink [106] used similar strategy to Kojak, but in pairing
peptides identified from open search, the heavier peptide in a pair
is selected from top 50 peptides while top 250 peptides for the
lighter peptide, assuming that the heavier (or longer) peptides
would be identified more confidently from open search.

Various tools have been developed to take into account all pos-
sible fragment ions of cross-linked peptides at once during search
[109–113]. The searches, however, have been limited to a database
of only a few proteins or small purified protein complexes due to
the huge search space. As an effort to reduce the search space,
SIM-XL [112] created a dynamic database that consisted of all pos-
sible pairs containing at least one linear peptide identified with a
dead-end via a preliminary search. Nevertheless, the underlying
n-square problem originating from all peptide-peptide combina-
tions could not be readily resolved. The expansion of cross-
linking studies to a large database such as a complete human pro-
teome has become feasible with the advent of isotopically coded
cross-linkers and MS-cleavable cross-linkers [100,114,115]. For
isotopically coded cross-linkers, cross-linked peptides by isotopi-
cally coded light and heavy linkers are mixed and analyzed
together by MS. Isotopic pairs of chemically identical peptides
could be recognized owing to the mass difference between light
and heavy linkers. In MS/MS spectra of the two isotopic pairs, there
are common fragment ions with identical masses, i.e., independent
of cross-linkers. The software, xQuest [114], utilized such common
ions to fast query candidate peptides to fragment-ion index gener-
ated from all peptides in the database. The queried peptides are
compared with MS/MS spectra and only the combinations of the
best matching peptides are evaluated as candidate cross-linked
peptides. On one hand, MS-cleavable cross-linkers contain a pref-
erential cleavage site (or sites) in the spacer arm and thus produces
signature fragment ion peaks that indicate the masses of compo-
nent peptides in a cross-linked peptide. XlinkX [115] software
was designed to take advantage of MS-cleavable cross-linkers.
XlinkX extracts the mass of each component peptide using signa-
ture peaks spaced by a unique mass difference (referred to as
Dm principle) derived from the cross-linker. If at least one compo-
nent peptide mass is observed with the Dm principle in an MS/MS
spectrum, the spectrum is regarded as generated from a cross-
linked peptide and all deduced peptide-pairs are submitted for fur-
ther peptide sequence analysis. The extraction of component pep-
tide masses reduced the search space from O(n2) to O(2n) by
eliminating the combination of all peptides in a database. While
xQuest and XlinkX were designed for specific cross-linkers, they
also supported ‘enumeration mode’ that took into account all the
peptide pair combinations against a small database. In other
approaches, the signature peaks from cross-linkers were utilized
for more sophisticated scoring of cross-linked peptides [116]. As
a kind of MS-cleavable cross-linker, protein interaction reporter
(PIR) containing two labile bonds in the cross-link can be specifi-
cally cleaved in situ to release a signature reporter ion and two
intact peptide ions. X-links [117] supported identification of PIR-
labeled products.

5.3. Disulfide bond

A disulfide bond is a post-translational modification that cova-
lently links the sulfur atoms of two cysteine residues in close spa-
tial proximity so that proteins are internally or externally cross-
linked. Disulfide bonds are vital for the stabilization of final protein
structures, and at the same time known to regulate mediation of
various signaling pathways in a cell [118,119]. Thus the determina-
tion of their presence and location in proteins can provide invalu-
able insight into protein folds and functions. Similar to chemical
cross-linking MS strategy, information on the disulfide bonds can
be obtained by analyzing MS/MS spectra of intact disulfide-
linked peptides, resulting from enzymatic digestion of native pro-
teins under non-reducing condition [120,121]. The formation of
nonnative disulfide bonds is prevented during sample preparation
by controlling temperature, pH, and free cysteine [121]. The nature
of disulfide-linked peptides is the same as chemically cross-linked
peptides. Thus, algorithms for cross-linked peptides can be equally
applied to the identification of disulfide-linked peptides by simply
adjusting the linkable residues to Cysteine and the mass of cross-
linker to �2.01565 Da of didehydro.

Dedicated software such as DBond [122,123], SlinkS [124] and
MassMatrix [125] has been introduced for the analysis of the MS/
MS spectra of disulfide-linked peptides. The software tools were
designed to recognize diagnostic fragment ion series from disulfide
bonds that indicate the presence of disulfide bonds (not detected in
linear peptides) and help assess the correctness of all the compo-
nent peptides. SlinkS [124] utilized the abundance of fragment ions
from disulfide bond-specific cleavages as well as peptide backbone
fragments under electron transfer higher energy dissociation
(EThcD) condition and improved the identification performance
of disulfide-linked peptides. The identification of disulfide-linked
peptides requires the enumeration of all combinations of two pep-
tides containing Cys. DBond [122] implemented a fast algorithm
for enumeration of peptide combination by sorting all peptides
in a database based on their masses (Fig. 5b). In the sorted list,
all possible peptide-pairs can be obtained by retrieving the entire
list once while keeping the sum of masses of lighter and heavier
peptides closest to the query precursors mass. The algorithm could
reduce the quadratic search space to a linear search space and
DBond worked well with a whole human database without any fil-
tration step. Disulfide-linked peptides with more than one disul-
fide bond can be analyzed by informatics methods, but their poor
fragmentation would make the identification less confident. Mass-
Matrix [125] supported MS/MS-based identification of disulfide-
linked peptides with up to 2 disulfide bonds.

5.4. Confidence and false positives

The confidence of cross-linked peptide assignments involves
the confidence of each component peptides. The assignment of
cross-linked peptides (a-b) would be confident if distinguishing
fragment ions are evenly observed from both aDb and bDa (i.e.,
both peptides are identified with very high confidence). There
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are ambiguous assignments where one peptide is identified with
very high confidence but the other identification is poor (if the
peptide is very short or if its fragment ions are rarely observed).
The complete matching score of cross-linked peptides to MS/MS
spectra is unable to distinguish such ambiguous assignments since
their scores could be comparable to those in which both peptides
are correctly identified. It should be noted that most false positive
identifications in cross-linking MS arise from cases where one pep-
tide is correctly identified but the second peptide is incorrect. In
particular, the proportion of such cases increases if one peptide is
very short [126]. To compensate for the problem, XLSearch [127]
implemented a data-driven scoring scheme that independently
estimates the probability of correctly identifying each individual
peptide given knowledge of the correct or incorrect identification
of the other peptide. Protein Prospector [128] reported the uneven
fragmentation efficiency of the two component peptides and sug-
gested to use metrics reflecting the quality of the spectral match
to the less confident peptide, resulting in the most discriminatory
power between correct and incorrect assignments. Machine-
learning techniques were also applied to improve the classification.
xProphet [129] applied linear discriminant analysis to optimally
combine multiple scores so that the combined score maximized
the separation of true positive and false positive hits.

False Discovery Rate (FDR) estimation using target-decoy strat-
egy [32] is more complicated for cross-linked peptides than linear
peptides. Because two peptides are involved, three labels exist, 1)
target-target (TT), 2) target-decoy or decoy-target (TD), and 3)
decoy-decoy (DD). False positives could be estimated using those
with at least one decoy match. The most commonly used formula
for false positives is #TD - #DD [130]. Some corrected formulas
have been introduced as the types of cross-linkers (e.g., directional,
non-directional and heterobifunctional) [131]. Finally, FDRs were
calculated separately for mono-linked, loop-linked, and cross-
linked peptides (that can be further separated into intraprotein
and interprotein) because their a priori probabilities for matching
as well as score distributions are different [129]. The separate
FDR calculation showed an improvement in the validation when
compared to global FDR calculation [128].
6. Conclusions

MS-based proteomics has been a versatile tool to study many
aspects of proteins. Here, we reviewed state-of-the-art MS-based
techniques and computational tools for structural analyses of pro-
teins and protein complexes. The peptide-centric structural pro-
teomics have limitations as well as particular advantages. It
necessarily includes two procedures to introduce modifications
into native proteins and digest the modified proteins into peptides.
First of all, the protein digestion causes major limitations. If
sequence coverage of a protein is observed to be low by recovered
peptides, a significant amount of structural information is lost. If a
peptide sequence is repeated within a protein or complex, it can-
not be unambiguously assigned. For protein isoforms, assembly
of recovered peptides can hardly determine exact proteoforms.
Second, the excessive labeling may cause unwanted structural per-
turbations of native proteins. Third, the comparison between
unmodified and modified samples assumes the same properties
of unmodified and modified peptides in MS experiments. The
detectability of the two, however, might be different because mod-
ifications might prevent enzymatic cleavage or change chromato-
graphic retention time and ionization efficiency, making their
quantitative comparison complicated. Finally, unexpected modifi-
cations that existed in native proteins or are introduced during
MS experiments might hinder the identification of peptides of
interest. For the success of MS-based techniques, the experimental
conditions should be carefully controlled throughout the experi-
ment and the choice of labeling or cross-linking reagents and pro-
teases should be carefully made by considering the distribution of
amino acids in the protein sequence. A combination of different
reagents or techniques may also be considered to increase the
number of restraints if target amino acids for labeling are not suf-
ficient in regions of interest.

MS-based techniques are extending the scope toward endoge-
nous biomolecular or proteome-wide studies. It can be expected
that the commensurate advances in data analysis tools will enable
large-scale analyses, at the same time reduce false positives, and in
the end increase the quality of constraints on protein or network
modeling. The recent focus has been on integrative approaches
that combine information from different types of experiments to
compute structural models. MS-based techniques can work as
complements to emerging in vivo and in situ technologies such as
live-cell imaging and in-/on-cell NMR. Improvements would be
necessary for integrative software to best combine a variety of
structural data from different methods.
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